Lurking within the recordings of all synaptic physiologists are small, apparently spontaneous, fluctuations in membrane conductance that are triggered by the postsynaptic action of quantally released neurotransmitter. These events are termed miniature synaptic responses (minis) (1) because their low rate (0.002 to 0.03 vesicles/second at an excitatory brain synapse) and modest amplitude [0.1 to 0.4 mV; (2-4)] are dwarfed in comparison with the rate of vesicle release (20 vesicles/second per synapse) and size of the postsynaptic response during evoked synaptic activity after action potential (AP)-mediated opening of voltage-sensitive calcium channels (VSCCs). Given the modest frequency of mini release, mini activity has been viewed almost exclusively as a tool that permits investigators to derive biophysical parameters reflecting the pre-and postsynaptic behavior of individual synapses (based on mini frequency and amplitude, respectively). A recent paper by Sharma and Vijayaraghavan (5) brings new relevance to this area by describing how stimulation of acetylcholine receptors with nicotine can elevate mini frequency from a realm where minis merely pique a biophysicist's curiosity to an area where they can affect neural network behavior. These new findings underscore the question of whether spontaneous minis have a physiological function and purpose of their own or whether their relevance is restricted to the millions of human nicotine pharmacology experiments termed smokers.
Lurking within the recordings of all synaptic physiologists are small, apparently spontaneous, fluctuations in membrane conductance that are triggered by the postsynaptic action of quantally released neurotransmitter. These events are termed miniature synaptic responses (minis) (1) because their low rate (0.002 to 0.03 vesicles/second at an excitatory brain synapse) and modest amplitude [0.1 to 0.4 mV; (2) (3) (4) ] are dwarfed in comparison with the rate of vesicle release (20 vesicles/second per synapse) and size of the postsynaptic response during evoked synaptic activity after action potential (AP)-mediated opening of voltage-sensitive calcium channels (VSCCs). Given the modest frequency of mini release, mini activity has been viewed almost exclusively as a tool that permits investigators to derive biophysical parameters reflecting the pre-and postsynaptic behavior of individual synapses (based on mini frequency and amplitude, respectively). A recent paper by Sharma and Vijayaraghavan (5) brings new relevance to this area by describing how stimulation of acetylcholine receptors with nicotine can elevate mini frequency from a realm where minis merely pique a biophysicist's curiosity to an area where they can affect neural network behavior. These new findings underscore the question of whether spontaneous minis have a physiological function and purpose of their own or whether their relevance is restricted to the millions of human nicotine pharmacology experiments termed smokers.
Nicotine belongs to a unique class of receptor agonist that can presynaptically regulate transmitter release at many types of neurons [dopaminergic, serotonergic, adrenergic, cholinergic, γ-aminobutyric acidergic (GABAergic), and glutamatergic] through direct gating of an ion channel rather than through a heterotrimeric GTP-binding protein (G protein)-coupled receptor (GPCR) (6) . Presynaptic nicotinic acetylcholine receptors (nAChRs) stimulate transmitter release by means of Ca 2+ influx through nAChRs, or through activation of VSCCs after depolarization caused by Na + influx through nAChRs. The unusual aspect of this presynaptic mechanism is that AP firing does not necessarily gate nicotine action by either removal of Mg 2+ block [as in the effect of back-propagating APs on postsynaptic Nmethyl-D-aspartate (NMDA) receptors (NMDARs)] or activation of VSCCs that are modulated by the agonist through a GPCR. One implication of modulating presynaptic calcium directly is that nicotine can affect transmitter release in the absence of AP firing and can thus stimulate mini release under resting conditions. A potential disadvantage of the nicotine mechanism is that it is largely unregulated and can tonically alter synaptic transmission. Nicotine is an ideal cholinergic agent for chronic modulation of mini activity, because it is not inactivated by acetylcholine esterase and would be expected to have greater efficacy than acetylcholine. Using nicotine as an agonist and buoyed by the physiological relevance of smokers, Sharma and Vijayaraghavan (5) showed that nicotine could lead to a robust increase in the frequency (on average 10-fold) and amplitude (about threefold) of miniature excitatory synaptic currents (mEPSCs) measured in hippocampal CA3 pyramidal neurons in response to their presynaptic mossy fiber (MF) inputs.
Although mini enhancement by a presynaptic agonist is not unprecedented, the mechanism by which this occurs in MF terminals has several interesting features. Not only does nicotine lead to increased mEPSC frequency, it also evokes a class of "super minis" with amplitudes up to 3 times (>50 pA) those of control mEPSCs (typically about 20 pA). Given that glutamate may already be at close to saturating levels for local postsynaptic receptors, how could mEPSC amplitude increase by this degree? The authors' data support a model in which calcium entry through nAChRs promotes calcium release from ryanodine-sensitive stores, which leads to synchronization of release across multiple adjacent active zones within a single bouton (Fig. 1B) . Nicotinic action was not altered by cadmium, which blocks most classes of VSCC, which suggests that mEPSC enhancement is not caused by VSCC activation secondary to presynaptic depolarization by nicotine.
Is Ca 2+ influx through nAChRs sufficient to trigger Ca 2+ release from an internal store? Data from Sharma and Vijayaraghavan (5) indicate that mEPSC enhancement is blocked by α-bungarotoxin (αBgt) treatment or Ca 2+ store blocking drugs (ryanodine and thapsigargin), which suggests that presynaptic Ca 2+ influx through αBgt-sensitive nAChRs is sufficient to induce Ca 2+ release from a ryanodine-sensitive store. Neuronal nAChRs have a relatively high Ca 2+ permeability compared with muscle nAChRs (the estimated percentage of total inward current carried by Ca 2+ is 2% for muscle nAChRs, 5% for ganglionic αBgt-insensitive neuronal nAChRs, and 12% for hippocampal NMDARs) (7, 8) . If the MF terminal nAChRs have αBgt-sensitive subunits [as is indicated by the authors' data (5)], that suggests that they are composed of α7 subunits in which Ca 2+ permeability is higher than that of other neuronal nAChRs [the ratio of calcium permeability (P Ca ) to sodium permeability (P Na ) is around 20 for α7 homomers (9) and for comparison with other studies 11 for NMDARs (10)]. As further evidence that Ca 2+ entry through neuronal nAChRs leads to Ca 2+ release from an intracellular store that promotes mini release, the authors observe a positive correlation between the rise time and amplitude of mEPSCs (larger mEPSCs have a longer rise time). This correlation suggests that the large mEPSCs are multiquantal and that individual quanta are released at slightly different times across multiple locations triggered by the diffusion . Thus, to produce large mEPSCs with relatively rapid rise times, the calcium store would need to respond very quickly to synchronize release at multiple locations. Regardless of the exact mechanism, nicotine produces a robust increase in mEPSC frequency and amplitude-raising the question of whether mEPSCs in this scenario impact cell firing and network properties.
Effect of Minis on Neuronal Network Properties
Typically, minis only occur at a frequency of a few Hz and are of insufficient amplitude to evoke or inhibit a postsynaptic AP in a large central nervous system (CNS) excitatory neuron. Thus, their effect would be restricted to regulating the chemistry (see below and Fig. 1C ) of individual synapses and not necessarily the output of neurons. However, Sharma and Vijayaraghavan (5) demonstrated that nicotine stimulation of mEPSC frequency and amplitude is an effective means of activating the firing and, thus, the network properties of CA3 pyramidal neurons. It is not clear, however, whether nicotine derived from smoking can reach the levels necessary to produce these effects in vivo or, alternatively, whether cholinergic input to the hippocampus could be stimulated sufficiently to mimic the nicotine effect in vivo. These findings also raise the more general question of the functional significance of minis. Perhaps scenarios exist in vivo where endogenous presynaptic modulators can increase mini frequency and amplitude to high levels. Using in vivo dialysis of tetrodotoxin (TTX) and intracellular recording, Pare et al. (15) observed that relatively intense periods of mini activity (~10 to 20 Hz) are common and contribute to regulation of baseline synaptic parameters such as input resistance. If a single mini is insufficient to produce AP firing by itself, conditions that promote the spatial and temporal summation of multiple synaptic inputs could more effectively modulate firing. For example, tonic miniature GABA release occurs preferentially at areas close to the AP initiation site in dentate gyrus granule cells and is likely to regulate their firing (16) . In the CA3 region of hippocampus, MFs form synapses onto the proximal dendrites of CA3 pyramidal neurons (17) . CA3 pyramidal neurons are also interconnected by excitatory recurrent collaterals onto the upper dendrite region (Fig. 1A) (18) . Given that these synaptic locations are relatively close to the AP trigger zones and that excitatory collaterals could prolong firing once it begins, nicotine-stimulated minis might easily lead to firing even in the presence of GABAergic inhibition. Thus, for minis to efficiently impact cell firing, their postsynaptic action must . Glutamate release associated with minis opens postsynaptic NMDA receptors leading to a local elevation of calcium and activation of calcium-dependent messengers within spines such as calcium-calmodulin-dependent protein kinase type II (CaMKII) (26, 27) .
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either be located close to AP trigger sites or must act on relatively small and electrically compact cells. Interestingly, current injection experiments indicate that the firing of electrically compact interneurons (that are close to threshold) can be influenced by individual minis (19) . Perhaps electrically compact, developing neurons (that normally have a relatively low mini frequency) might be the most affected nicotine stimulation of minis. With regard to smokers, it is conceivable that developing fetuses and newborns exposed to secondhand smoke might be most subject to dysregulation by nicotine.
Minis Are Both a Marker of Individual Synapse Function and a Means to Regulate It.
The efficacy of AP-evoked synaptic transmission is modifiable by a wide range of stimuli (20) . In many cases, up-regulation of evoked synaptic efficacy after such stimuli is paralleled by enhanced rates of AP-independent minis (21). However, it is uncertain whether enhanced miniature synaptic activity is required for maintenance of evoked synaptic efficacy and whether the two forms of transmission are coregulated within the same synapses. Previous studies have compared miniature and evoked release at the same population of hippocampal synapses by using Sr 2+ application to increase the asynchronous component of release (22) . In addition, using FM1-43 staining and destaining, which depend on synaptic activity, a positive correlation between AP-dependent release and mini release at individual presynaptic terminals in cultured cortical neurons was observed (23) . Although these studies suggest coregulation of mini and evoked release, it is also possible that each may be regulated independently, because in some cases, different presynaptic machinery can control each process (24) . Recent findings indicate that prolonged (days to weeks) miniature synaptic activity may be involved in the structural maintenance (25) of synaptic connections. A function of miniature activity may be to preserve high-efficacy synaptic transmission during extended periods without AP-dependent release. Potential biochemical mechanisms for how elevated minis maintain synaptic transmission include activation of postsynaptic messengers such as Ca 2+ /CaM-dependent protein kinase type II (CaMKII) triggered by local NMDA-receptor-mediated Ca 2+ influx (26, 27 ) (see Fig. 1C ). Consistent with miniature synaptic activity being able to activate second messengers, minis are sufficient to produce a form of long-term potentiation seen in cultured cells (28, 29) . The idea that miniature synaptic activity can modulate the chemistry of individual synapses in the absence of evoked activity makes sense, based on current use-dependent theories of synaptic plasticity (30) . However, is this idea really tenable, given that only a few minis occur per second at the soma of most neurons? (Does this reflect activity at all synapses?) Is this mini rate enough to constitutively biochemically prime on the order of 50,000 synapses in a mature pyramidal cell? Experiments in primary cortical cultures using optical assays of quantal release indicate that different synapses within a single neuron have markedly varied rates of spontaneous minis, with relatively few synapses exhibiting minis at frequencies of even 0.1 Hz (31, 32) . Furthermore, a nonuniform distribution of miniature synaptic activity is observed at the frog neuromuscular junction (33) . Therefore, given relatively low overall rates of release and the potential for nonuniformity across synapses, it is more likely that minis function to alter a unique subset of synapses rather than the entire population.
In conclusion, data emerging from various sources indicate that miniature activity is clearly regulated and under appropriate conditions can affect synaptic signaling at both the local and network level. Although mini rates are typically low, agents such as nicotine can boost their rates to levels where network properties are clearly affected. Interestingly, recent data indicate that nifedipine, a commonly used cardiovascular agent with a potential for CNS side effects, can lead to potentiation of mini activity to a level comparable to that of nicotine (34) . The next challenge will be to determine whether these new roles for minis reflect the ingenuity and power of current experimenters or the action of a parallel synaptic signaling mechanism with a unique functional role. Resolution of these questions will likely come from an improved understanding of the chemistry of synaptic transmission and the determination of selective machinery for mini release and its regulation. An example of this might be the high calcium affinity synaptotagmins (35) that have recently been isolated that could conceivably couple relatively small changes in presynaptic calcium levels (36) to facilitation of minis. In addition, the synaptobrevin (37) and SNAP-25 (38) knockouts lack (reduced 100×) evoked synaptic transmission, but still have reasonable levels of minis. Thus, insight into the developmental role of minis may come from comparing the effect of knockouts that have differential effects on miniature and evoked transmission (35, 37, 38) .
